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D-Glucose and 19 glucose derivatives were investigated by positive and negative ion matrix
assisted laser desorption/ionization time-of-flight mass spectrometry using 2,5-dihydroxyben-
zoic acid (DHB) as the matrix. The set of substrates includes oligomers of amylose and
cellulose, native a-, b-, and g-cyclodextrin, and chemically modified b- and g-cyclodextrins.
These analytes were chosen to modulate molecular weight, polarity, and capability of
establishing noncovalent interactions with guest molecules. In the negative-ion mode, the DHB
matrix gave rise to charged multicomponent adducts of type [M 1 DHB 2 H]2 (M 5
oligosaccharide) selectively for those analytes matching the following conditions: (i) underi-
vatized chemical structure and (ii) number of glucose units $4. In the positive-ion polarity,
only some amylose and cellulose derivatives and methylated b-cyclodextrins provided small
amount of cationized adducts with the matrix of type [M 1 DHB 1 X]1 (X 5 Na or K), along
with ubiquitous [M 1 X]1 ions. The results are discussed by taking into account analyte–
matrix association phenomena, such as hydrogen bond and inclusion phenomena, as a
function of the molecular structure of the analyte. The conclusions derived by mass spectro-
metric data are compared with the X-ray diffraction data obtained on a single crystal of the 1:1
a-cyclodextrin 2 DHB noncovalent adduct. (J Am Soc Mass Spectrom 2000, 11,
228–236) © 2000 American Society for Mass Spectrometry
Cyclomaltooligosacchrides (cyclodextrins, CDs)are truncated, cone-shaped molecules able toinclude neutral guests within their molecular
cavity, giving rise to noncovalent host–guest (h–g)
inclusion complexes. The driving force for the inclusion
of organic guests into the cavity of cyclodextrins is the
attractive interaction between the lipophilic cavity of
the host and apolar parts of the guest molecule, typi-
cally aromatic rings. Host–guest inclusion complexes
have attracted the interest of many scientists for the
uniqueness of their chemical behavior and structural
features [1], and led technologists to practical applica-
tions, especially in the pharmaceutical [2] and food
industry [3]. The physical characterization of h–g ad-
ducts mainly relies upon high resolution nuclear mag-
netic resonance (NMR) [4], thermal methods [5], and
X-ray diffraction studies [6]. More recently, soft ioniza-
tion mass spectrometric techniques were successfully
applied to the field of host–guest chemistry [7].
The majority of mass spectrometric studies on
charged gaseous association of CDs with guest mole-
cules were carried out by using either fast atom bom-
bardment (FAB) [8–14] or electrospray ionization (ESI)
[15–28]. Matrix-assisted laser desorption/ionization
mass spectrometry (MALDI-MS) is a key analytical and
structural tool for carbohydrate chemistry [29], and
many efforts were devoted to the optimization of ex-
perimental protocols [30–35], structural elucidation by
post-source-decay (PDS) fragmentation [36, 37], and to
the understanding of collision-induced dissociation
(CID) [38] and the mechanism of desorption/ionization
[39]. Nevertheless, there are only a few examples of
detection of noncovalent adducts of CDs under condi-
tions of matrix-assisted desorption/ionization [40–42].
A few other studies deal with noncovalent complexes of
proteins [43–50] and hydrogen-bonded assemblies [51,
52].
In MALDI practice, 2,5-dihydroxybenzoic acid
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(DHB) is a matrix particularly well suited for carbohy-
drate determination. From the point of view of su-
pramolecular chemistry, DHB is potentially capable of
forming inclusion complexes with CDs, because of its
aromatic character, and establishing nonspecific inter-
actions with saccharides, mainly dipole–dipole and/or
hydrogen bond, because of the presence of COOH and
OH functional groups. Observation of matrix-analyte
clusters in MALDI-MS is well known and documented
[53], but so far no attempt to provide a rationale in
terms of noncovalent associations and specific host–
guest interactions has been done. We report here a
systematic investigation on formation and detection of
matrix-analyte associations of cyclic and linear oligosac-
charides with DHB. The results are interpreted and
discussed, focusing mainly on the role played by non-
covalent interactions such as hydrogen bonding and
inclusion phenomena as a function of the structural
features of the analytes. The information obtained by
mass spectrometric data are also compared with X-ray
crystallographic data of the noncovalent adduct
a-CD 2 DHB chosen as a model compound [54].
Experimental
Materials
Glucose (C6H12O6) 1, a-D-glucose pentaacetate
(C16H22O11) 2, sucrose (C12H22O11) 3, sucrose octaac-
etate (C28H38O19) 4, a-cyclodextrin (C36H60O30) 10, b-cy-
clodextrin (C42H70O35) 11, g-cyclodextrin (C48H80O40)
12, heptakis(2,6-di-O-methyl)-b-cyclodextrin (C56H98O35)
13, triacetyl b-cyclodextrin (C84H112O56) 15 were pur-
chased from Aldrich (Milan, Italy) and used as such.
Oligomers of (i) amylose and (ii) cellulose were pur-
chased from Sigma (Milan, Italy): (i) maltose (C12H22O11)
5, maltotriose (C18H32O16) 6, maltotetraose (C24H42O21)
7, maltopentaose (C30H52O26) 8, maltohexaose (C36H62O31)
9 and (ii) cellotriose (C18H32O16) 6*, cellotetraose
(C24H42O21) 7*, cellopentaose (C30H52O26) 8*. Hep-
takis(2,3,6-tri-O-methyl)-b-cyclodextrin (C56H98O35) 14
was obtained from Sigma (Milan, Italy) and used with-
out further purification. A sample of randomly func-
tionalized hydroxypropyl-b-cyclodextrin (C105H196O56
considering full derivatization) 16 was presented by
Chiesi Farmaceutici (Parma, Italy). Octakis(3-O-butanoyl-
2,6-di-O-pentyl)-g-cyclodextrin (Lipodex E, C84H112O56)
17 was synthesized as reported in the literature [55]. 65
mM solution of the matrixes were prepared by dissolv-
ing DHB or a-cyano-4-hydroxycinnamic acid (CHCA)
(Sigma, Milan, Italy) in a 2:3 (v/v) mixture of acetoni-
trile and aqueous 0.1% (v/v) trifluoroacetic acid (TFA).
MALDI-TOF-MS
The spectra were acquired on a Shimadzu-Kratos
Kompact Maldi II instrument operating in the linear
mode with an accelerating potential of 20 kV and
equipped with a UV pulsed laser (N2, l 5 337 nm, 100
mJ per shot, 3 ns pulse width of a single laser shot).
Negative ion spectra were recorded by reversing the
polarity of the acceleration potential. The laser irradi-
ance was selected manually over an arbitrary nonlinear
scale ranging from 0 (null power) to 180 (full power).
Once it reached the detection threshold for the interest-
ing peaks, the irradiance was raised 10% to 20%. The
data were acquired with a laser irradiance within the
range 88–93 of the arbitrary scale of the instrument for
the positive polarity, and 92–95 for the negative ion
mode. All the spectra were acquired by scanning the
sample spot along the x axis and averaging 100 laser
shots. The data were processed on a Sun Spark 2
computer using the manufacturer’s software. Mass cal-
ibration was achieved using the matrix and g-cyclodex-
trin as internal references, and bovine insulin (Sigma,
Milan, Italy) as an external reference. The hydrophilic
and lipophilic analytes were dissolved in distilled water
and spectroscopy grade cyclohexane, respectively. The
concentration of the carbohydrates solutions was typi-
cally 100 pmol/mL, corresponding to 0.1 mM. The
samples were prepared by mixing 0.5 mL of matrix
solution with 0.5 mL of analyte solution directly on the
sample slide and allowing evaporation of the solvent
under a N2 stream. Sandwich type preparation (0.5 mL
of matrix solution and evaporation, 0.5 mL of analyte
solution and evaporation, and then 0.5 mL of matrix
solution and evaporation) was used only for nonwater
soluble 2, 4, 15, and 17.
X-ray Crystallography
Crystals, suitable for the X-ray single crystal analysis,
were obtained after many attempts by slowly cooling
two different hot solutions containing a-cyclodextrin
and DHB (solvent: CH3CN/H2O 5 2/3 v/v) with ana-
lyte to matrix molar ratios 1:1 and 1:5, respectively. The
best crystal (platelet, 0.3 3 0.3 3 0.05 mm) was isolated
from the latter solution and used for crystal structure
characterization. Crystals coming from the 1:1 solution
gave identical unit cell parameters.
The X-ray diffraction data collection of the complex
were performed with the four-circle automatic Siemens
P4 diffractometer, using graphite monochromated Cu-Ka
radiation (l 5 1.54179 Å) and u/2u scan technique.
Unit cell parameters were determined using 30 reflec-
tions in the range 18° # 2u # 50°; a total of 9428
reflections (4685 unique, Rint 5 0.0477) were collected
up to 136.2° in 2u and index range: 21 # h # 9, 217 #
k # 16, 222 # l # 22. Empirical adsorption correction
was applied to the intensities data, using the c-scan
method [56]; no decay correction was deemed neces-
sary. The complex crystallizes in the orthorhombic
space group P 2 21 21, with a half molecule in the
asymmetric unit. The cell parameters are: a 5 8.273(2),
b 5 16.786(2), and c 5 21.939(3) Å.
The structure was determined by using, as a starting
model, the coordinates of the atoms of the a-CD mole-
cules (apart from those of primary C and O atoms
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which could deviate from the expected position) of
isomorphous structures found in the Cambridge Struc-
tural Database [57]. Subsequent refinements and differ-
ence Fourier maps revealed the missing atoms of the
a-CD molecule, of the guest molecule and of the water
molecules. Most of the H atoms, not located by the Dr
map, were introduced at calculated positions and re-
fined in a riding model. Two water molecules were
found on the electron density map; minor peaks of
electron density suggested the presence of some resid-
ual weakly populated water sites, which were retained
in the final refinement with a common isotropic tem-
perature factor. The H atoms of the water molecules
were not introduced. The refinement was carried out on
F2 by full-matrix least-squares procedure with
SHELXL97 [58] for 428 parameters; final stage con-
verged to R 5 0.0865 for 3557 observed reflections
having I $ 2s(I).
NMR Spectroscopy
High resolution NMR spectra were acquired on a
Bruker ARX 400 at a nominal temperature of 305.0 6
0.1 K using D2O as solvent. The chemical shifts were
referenced to external DSS using a coaxial capillary
tube. Standard water presaturation techniques have
been applied to suppress the signal of residual HOD.
The NMR samples were prepared by dissolving suit-
able quantities of pure host, pure guest (DHB) and 1:1
mixture of host and guest in 1 mL of D2O in order to
obtain 9 mM solutions. The experiments were carried
out on b-cyclodextrin 11 and permethyl b-cyclodextrin
15. The spectra and a table with the chemical shift
values of selected protons are available as supplemen-
tary material.
Results and Discussion
The molecular structure of the oligosaccharides ana-
lyzed throughout the present work are displayed in
Scheme 1. They are representative of native mono- and
linear oligosaccharides (1, 3, 5–9), chemically modified
analogs (2 and 4), cyclic maltooligosaccharides (cyclo-
dextrins 10, 11, and 12), chemically modified, water-
soluble b-cyclodextrins (13, 14, and 16), and lipophilic
derivatives of b- and g-cyclodextrin (15 and 17, respec-
tively). The experimental results relating to positive-ion
MALDI-TOF spectra using DHB as a matrix are re-
ported in Table 1. The analytes are detected as sodium
or potassium cationized species [M 1 Na]1 and [M 1
K]1 (only maltose 5 gave rise to detectable amount of
dehydrated [M 2 H2O 1 Na]
1 and [M 2 H2O 1 K]
1
species) independently of either the molecular weight
of the sugar or the presence of protecting groups on all
or some of the hydroxyls of the sugar skeleton. Linear
and cyclic maltooligosaccharides share this behavior, as
shown by compounds 6 to 12. Moreover, the hydro-
philic or lipophilic nature of the analyte (compare
compounds 10, 11, and 12 with 14, 15, and 17) does not
alter the preferred route for the ion formation, which is
constantly the alkali metal attachment rather than pro-
tonation. The spectra of compounds 6, 6*, 7*, 8, 8*, 13,
and 14 showed small but significant peaks (see relative
intensity values on Table 1) assigned to the multicom-
ponent ions of the general formula [M 1 DHB 1 X]1
(X 5 K for 6, 6*, 7*, 8, 8*, 13, X 5 Na or K for 14). These
ions can be regarded as cationized supramolecular
adducts of matrix and analyte. Figure 1 shows in detail
the positive-ion MALDI-TOF spectrum of compound 14
with the peaks assignment. Intriguingly, these adducts
are not formed by native cyclodextrins 10, 11, and 12,
whose ability to form host–guest inclusion complexes
with aromatic molecules, such as DHB, is well docu-
mented [1].
Experiments carried out by using CHCA as a matrix
did not show the presence of any supramolecular
matrix-saccharide adduct (data not reported).
The results of negative ion MALDI mass spectra of
compounds 1–17 in DHB are reported in Table 2. These
data confirm the low capability of the compounds to
provide significant amount of [M 2 H]2 ions, but point
out that medium sized linear and cyclic oligosaccha-
rides (compounds 7 to 12) afford peaks consistent with
the general formula [M 1 DHB 2 H]2. Once again,
experiments performed with CHCA as a matrix showed
neither [M 2 H]2 nor [M 1 CHCA 2 H]2 for all the
examined compounds (data not reported). Figure 2
shows a detail of the spectrum of g-cyclodextrin 12 as
an example. The formation of the [M 1 DHB 2 H]2
adducts appears to correlate with the number n of
glucose units (n $ 4) of the analyte and is inhibited by
Scheme 1
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Figure 1. Expansion of the positive-ion MALDI-TOF spectrum (DHB) of permethylated b-cyclodex-
trin 14.
Table 1. Main results of positive-ion MALDI-TOF spectra of compounds 1–17
Comp. Calcd. MWa Observed peaks (m/z) Assignmentb
1 180.17 203.2; 219.3 [M 1 Na]1; [M 1 K]1
2 390.33 413.5; 429.7 [M 1 Na]1; [M 1 K]1
3 342.30 347.2; 365.7; 381.7 [M 2 H2O 1 Na]
1; [M 1 Na]1; [M 1 K]1
4 678.59 702.2; 718.3 [M 1 Na]1; [M 1 K]1
5 342.30 347.2; 363.3 [M 2 H2O 1 Na]
1; [M 2 H2O 1 K]
1
365.3; 381.3 [M 1 Na]1; [M 1 K]1
6 504.43 526.9; 543.0; 697.1 [M 1 Na]1; [M 1 K]1; [M 1 DHB 1 K]1 (47)
6* 504.43 527.1; 543.2; 697.2 [M 1 Na]1; [M 1 K]1; [M 1 DHB 1 K]1 (47)
7 666.57 689.7; 705.7 [M 1 Na]1; [M 1 K]1
7* 666.57 689.7; 705.7; 859.8 [M 1 Na]1; [M 1 K]1; [M 1 DHB 1 K]1 (17)
8 828.72 851.8; 867.6; 1022.0 [M 1 Na]1; [M 1 K]1; [M 1 DHB 1 K]1 (90)
8* 828.72 852.8; 867.9; 1022.1 [M 1 Na]1; [M 1 K]1; [M 1 DHB 1 K]1 (17)
9 990.86 1013.7; 1029.9 [M 1 Na]1; [M 1 K]1
10 972.84 995.6; 1011.5 [M 1 Na]1; [M 1 K]1
11 1134.98 1158.2; 1174.1 [M 1 Na]1; [M 1 K]1
12 1297.12 1320.3; 1336.2 [M 1 Na]1; [M 1 K]1
13 1331.36 1354.5; 1524.6 [M 1 Na]1; [M 1 DHB 1 K]1 (31)
14 1429.54 1453.0; 1468.9 [M 1 Na]1; [M 1 K]1
1607.5; 1623.3 [M 1 DHB 1 Na]1; [M 1 DHB 1 K]1 (27)
15 2017.75 2040.8; 2056.9 [M 1 Na]1; [M 1 K]1
16c 1541.51 1565.0; 1581.0 [M 1 Na]1; [M 1 K]1
17 2979.99 3005.8; 3021.9 [M 1 Na]1; [M 1 K]1
aAveraged values.
bThe data in parentheses refer to the intensity ratio [M 1 X]1/[M 1 DHB 1 X]1.
cThe data of this line are referred to the most abundant fraction, showing, on average, one hydroxypropyl group per glucose unit.
231J Am Soc Mass Spectrom 2000, 11, 228–236 DHB-OLIGOSACCHARIDES ASSOCIATIONS BY MALDI
the presence of substituents on the OH groups of the
sugars. Similar results have been recently reported by
Wong et al. [59] in the case of noncovalent adducts of
miscellaneous oligosaccharides with the anion dopant
HSO4
2. Our findings can be accounted for by consider-
ing the multicenter ionization model for ion formation
in MALDI proposed by Knochenmuss et al. [60, 61]. The
key feature of their model is the role played by two
Table 2. Main results of negative-ion MALDI-TOF spectra of compounds 1–17
Comp. Calcd. MWa Observed peaks (m/z) Assignment
1 180.17 — —
2 390.33 — —
3 342.30 — —
4 678.59 — —
5 342.30 — —
6 504.43 — —
6* 504.43 — —
7 666.57 819.0 [M 1 DHB 2 H]2
7* 666.57 818.9 [M 1 DHB 2 H]2
8 828.72 981.4 [M 1 DHB 2 H]2
8* 828.72 981.3 [M 1 DHB 2 H]2
9 990.86 1143.7 [M 1 DHB 2 H]2
10 972.84 1125.1 [M 1 DHB 2 H]2
11b 1134.98 1133.3; 1287.8 [M 2 H]2; [M 1 DHB 2 H]2
12c 1297.12 1296.5; 1450.6 [M 2 H]2; [M 1 DHB 2 H]2
13 1331.36 — —
14 1429.54 — —
15 2017.75 — —
16 1541.51 — —
17 2979.99 — —
aAveraged values.
bRatio of the integrated intensities: [M 1 DHB 2 H]2/[M 2 H]2 5 15.4.
cRatio of the integrated intensities: [M 1 DHB 2 H]2/[M 2 H]2 5 4.9.
Figure 2. Expansion of the negative-ion MALDI-TOF spectrum (DHB) of g-cyclodextrin 12.
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electronically excited matrix molecules (m*H, according
to the notation used by the authors) in mutual spatial
vicinity as precursor species for both protonated and
cationized analyte species. The two m*H species “pool
their energy” affording efficient charge separation. The
proton (or cation) thus generated is captured by the
analyte, which is supposed to have sufficient proton (or
cation) affinity. One consequence of this two-step
model is a large production of deprotonated matrix ions
m2 corresponding, in our case, to [DHB 2 H]2 ions.
The latter may mediate both the desorption step, by
forming strong aggregates with those analytes able to
establish attractive interactions with them (e.g., those
compounds with a large number of hydrogen bond
donor groups, such as free OHs), and the ionization
process. Indeed, in a noncovalent aggregate of type
[DHB 2 H]2 . . . [carbohydrate] (see Scheme 2), the
negative charge is largely delocalized onto the carbox-
ylate oxygens and stabilized by resonance. The forma-
tion of the above-mentioned [DHB 2 H]2 . . . [carbohy-
drate] complex allows the ionization of the analyte to
occur by attachment of a preformed and thermodynam-
ically stable carboxylate anion rather than by deproto-
nation of any of the OH groups of the carbohydrate.
This route prevents the localization of a negative charge
onto the saccharides which, for structural reasons, are
unable to provide efficient stabilization.
According to the data of Table 2, the nature of the
attractive interaction between the analyte and the ion-
ized matrix is likely to be mainly the hydrogen bond.
Experimental evidence for the importance of polar
interactions between carboxylic acid anions and neutral
carbohydrates in the gas phase was recently provided
by Selva et al. [24]: gaseous protonated and deproto-
nated 1:1:1 b-cyclodextrin 2 ketoconazole 2 tartaric
acid [bCD 2 KC 2 TA] ternary species were obtained
by ESI-MS from the related multicomponent associa-
tion.
The rank orders of the polar or lipophilic noncova-
lent intermolecular interactions were assigned by using
tandem-MS data. In particular, within the deprotonated
ternary species, the strongest supramolecular attractive
interaction appeared to be that of polar type between
the TA anion and bCD, only due to dipole and hydro-
gen bonding involving the external hydrophilic surface
of bCD, provided that no evidence of an inclusion
complex formation between TA anion and bCD was
found by NMR experiments in D2O solution [25].
In the present study, the compounds not yielding the
[M 1 DHB 2 H]2 species can be grouped into two
families: (i) low molecular-weight, underivatized sug-
ars (1, 3, and 5), characterized by a limited number of
hydrogen-bonding donor groups, and (ii) protected
sugars (compounds 2, 4, 13–17) for which the chemical
derivatization of the OH groups upsets the hydrogen-
bond profile with respect to the native saccharide.
Furthermore, fairly abundant [M 1 DHB 2 H]2 ions
were obtained from either [b-D-Glc-(1 3 4)]n-D-Glc
(n 5 3 and 4, corresponding to compounds 7* and 8*,
respectively), and [a-D-Glc-(1 3 4)]n-D-Glc (n 5 3, 4,
and 5, corresponding to compounds 7, 8, and 9, respec-
tively), independently of the different conformational
preferences of cellulose and amylose oligomers, linear
and helical, respectively [62]. Cyclodextrins 10, 11, and
12 are able to form noncovalent host–guest inclusion
complexes with the anion of the matrix by interaction of
the apolar cavity of the saccharide with the aromatic
ring of the deprotonated matrix. However, the multi-
center model of Knochenmuss et al. requires two ex-
cited matrix molecules in “close proximity” [60]. As-
suming that a true inclusion complex cyclodextrin–
DHB is actually preformed in the crystal, the host
cyclodextrin would act as a spacer keeping the included
DHB molecule separated from the neighbor nonin-
cluded matrix molecules, thus preventing any interac-
tion among them, mandatory for generating the m2
species as primary ions. Therefore, the role, if any,
played by inclusion phenomena in the laser desorp-
tion/ionization processes leading to the gaseous [M 1
DHB 2 H]2 seems to be marginal with respect to other
intermolecular associations, like hydrogen bonded as-
semblies. These deductions, inferred from mass spec-
trometrical data only, are substantiated by the experi-
mental results of the X-ray structure analysis on a single
crystal of the 1:1 noncovalent adduct a-CD–DHB. The
packing diagram of the complex is shown in Figure 3.
The a-CD molecules are arranged in the typical chan-
nel-type structure in a head-to-tail fashion. In the chan-
nels, adjacent a-CD molecules are linked by hydrogen
bonds between the primary hydroxyl groups and sec-
ondary hydroxyl groups. The guest molecules (DHB)
appear disordered, showing rotation about one of the
twofold axes of the benzene ring. The carboxylic group
is disordered over two adjacent positions that are half
occupied also by one of the two hydroxyl groups; the
other hydroxyl group is disordered over the two related
para positions. Most importantly, DHB molecules are
located outside the CD cavity and are situated among the
channels, forming chains, in the head-to-tail mode, via
hydrogen bonds. This type of noninclusion host–guest
complex has been referred to as association compound
[63]. The chains of perfectly coplanar guest molecules
are elongated parallel to the a-CD channels, in the c
crystallographic axis direction. Fully and partially po-
sitioned water molecules contribute to a network of
hydrogen bonds inside and outside the a-CD macro-
cycles. The solid-state arrangement of matrix and ana-
lyte is nearly a perfect match for the topological require-
Scheme 2
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ments for both the generation of [DHB 2 H]2 (spatial
proximity of two matrix molecules) and its attachment
to the carbohydrate via dipolar interaction and hydro-
gen bonds. Single crystals of the a-CD–DHB 1:1 com-
plex were obtained from a solution with matrix to
analyte molar ratio 5 5, that is two orders of magnitude
less than the value generally used for MALDI-TOF
spectra (see Experimental section). Nevertheless, the
negative-ion MALDI-TOF spectrum carried out by us-
ing the same solution used for the crystalization of the
complex afforded only one signal related to the carbo-
hydrate at m/z 1125.9, once again assigned to the
gaseous association [a-CD 1 DHB 2 H]2.
Comparison of Tables 1 and 2 points out that the
formation of the cationized [M 1 DHB 1 X]1 does not
follow the regular trend observed for the negative
charged counterparts [M 1 DHB 2 H]2. Also, the
abundance of [M 1 DHB 1 X]1 is one to two orders of
magnitude less than [M 1 X]1. The distribution of the
cationized multicomponent adducts [M 1 DHB 1 X]1
along the analyte set 1–17 seems to be random or, at
least, not straightforwardly imputable to a well defined
repertoire of intermolecular interactions, such as that
discussed above in the case of the [M 1 DHB 2 H]2
adducts. As an example, the mass spectrometric re-
sponse of methyl-substituted b-cyclodextrins 13 and 14
is different compared to those shown by either underi-
vatized b-CD 11 or functionalized analogs 15 and 16.
Unfortunately, all the attempts of preparing crystals of
putative complexes between methylated cyclodextrins
and DHB, suitable for X-ray analysis, have been so far
unsuccessful. NMR data, although referred to as solu-
tion state, indicate that 11 and 14 share similar capabil-
ities of interacting with DHB, either by forming true
inclusion compounds, or by nonspecific interactions of
the external surface of the cyclic carbohydrates with
DHB (experimental data available as supplementary
material). Thus, neither presumed different inclusion
capabilities, nor the different hydrogen-bond profile of
11 with respect to 14, provide a rationale for the
observed formation of [M 1 DHB 1 X]1 adducts. The
positive-ion data rather suggest that the ablation of
[M 1 DHB 1 X]1 is the result of the excited-state ma-
trix action on a preformed aggregation of the saccharide
and DHB in the crystal. Accordingly, the different
behavior of methylated vs. native b-cyclodextrin is
consistent with a different solid-state preorganization of
matrix and analyte that is not predictable a priori on the
basis of the known complexing ability of the hosts and
their hydrogen-bond profiles.
Conclusions
The present work demonstrates that linear and cyclic
oligosaccharides derived from D-glucose may form
negative charged, noncovalent aggregates of type [M 1
DHB 2 H]2 provided the following conditions are sat-
isfied: (i) the analyte is made up of a relatively large
number n of monosaccharide units (n $ 4) and (ii)
there is an absence of protecting groups on the hydroxyl
groups of the sugar. The result is independent of the
linear or cyclic structure of the oligosaccharide. Oli-
gomers of amylose and cellulose, [a-D-Glc-(13 4)]n-D-
Glc and [b-D-Glc-(1 3 4)]n-D-Glc, respectively, afford
similar results, despite their helical and linear confor-
mation, respectively. The driving force for the aggrega-
tion is likely to be the establishment of intermolecular
matrix/analyte interactions, such as dipole–dipole and
hydrogen bonds. Indeed the formation of [M 1 DHB 2
H]2 is inhibited by methylation, acetylation, or other
forms of chemical derivatization of the OH groups. The
solid-state structure of the 1:1 association compound
between a-CD and DHB, as deduced by X-ray diffrac-
tion experiments, reveals that the matrix molecules are
Figure 3. Packing diagram of the a-CD–DHB complex. Top:
projection along the a axis. Bottom: projection along the c axis. H
atoms and disordered water molecules are omitted, for clarity. The
bonds involving disordered atoms of the guest molecules are
indicated with dotted lines. Hydrogen bonds are indicated with
dashed lines.
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suitably arranged for generating [DHB 2 H]2, via mul-
ticenter ionization mechanism [60], and attaching to the
analyte through hydrogen bonds. Mass spectrometric
and diffraction data indicate a negligible role of inclu-
sion phenomena in generating [M 1 DHB 2 H]2 ad-
ducts.
The detection of [M 1 DHB 1 X]1 adducts in the
positive-ion mode is not directly related to clear-cut
structural features of the compounds examined here,
such as the hydrogen bond properties invoked for the
negative ions. Nevertheless, the participation of inclu-
sion phenomena can be ruled out on the basis of the
following points: (i) [M 1 matrix 1 X]1 adducts are
only formed by using DHB as a matrix, although both
CHCA and DHB are good potential guests for host–
guest complexes of cyclodextrins. (ii) b-CD 11 and its
permetylated derivative 14 show a different response
toward the same guest molecule, DHB, although the
high resolution NMR results do not show a dramatic
difference in the inclusion properties between these two
hosts. (iii) The behavior of the open chain oligosaccha-
rides 6–9 and 6*–8* depends on the molecular weight
rather than on the presumed complexing capabilities
related to their molecular conformation.
Supplementary Material Available
Figure 1. Expansion of the NMR spectra of (a) top: free
b-cyclodextrin and (b) bottom: 1:1 complex b-cyclodex-
trin-DHB. Only the spectral region related to the carbo-
hydrate protons is displayed.
Figure 2. Expansion of the NMR spectra of (a) top:
free permethyl-b-cyclodextrin and (b) bottom: 1:1 com-
plex permethyl-b-cyclodextrin-DHB. Only the spectral
region related to the carbohydrate protons is displayed.
Table 1. NMR chemical shift variations of cyclodex-
trins and DHB protons for the 1:1 complexes of CDs 11
and 14 with DHB.
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